Transcriptional dysregulation is an important early feature of polyglutamine diseases. One of its proposed causes is defective neuronal histone acetylation, but important aspects of this hypothesis, such as the precise genomic topography of acetylation deficits and the relationship between transcriptional and acetylation alterations at the whole-genome level, remain unknown. The new techniques for the mapping of histone post-translational modifications at genomic scale enable such global analyses and are challenging some assumptions about the role of specific histone modifications in gene expression. We examined here the genome-wide correlation of histone acetylation and gene expression defects in a mouse model of early onset Huntington's disease. Our analyses identified hundreds of loci that were hypoacetylated for H3K9,14 and H4K12 in the chromatin of these mice. Surprisingly, few genes with altered transcript levels in mutant mice showed significant changes in these acetylation marks and vice versa. Our screen, however, identified a subset of genes in which H3K9,14 deacetylation and transcriptional dysregulation concur. Genes in this group were consistently affected in different brain areas, mouse models, and tissue from patients, which suggests a role in the etiology of this pathology. Overall, the combination of histone acetylation and gene expression screenings demonstrates that histone deacetylation and transcriptional dysregulation are two early, largely independent, manifestations of polyglutamine disease and suggests that additional epigenetic marks or mechanisms are required for explaining the full range of transcriptional alterations associated with this disorder.
Introduction
Polyglutamine (polyQ) diseases are autosomal dominant neurodegenerative disorders caused by an aberrant expansion of CAG triplet-repeats in neuronal genes . In the case of Huntington's disease (HD), this expansion takes place in the huntingtin (HTT ) gene (MacDonald et al., 1993) . HD is usually diagnosed in adulthood on the basis of characteristic symptoms, such as involuntary movement, changes in character, and cognitive deficits (Zuccato et al., 2010) . Previous studies have indicated that transcriptional dysregulation is an important early feature of HD and other polyQ diseases (Cha, 2000; Bowles et al., 2012; Seredenina and Luthi-Carter, 2012) . One of the proposed causes of this dysregulation is defective neuronal histone acetylation (Saha and Pahan, 2006; Stack et al., 2007; Valor et al., 2013) but different aspects of this hypothesis remain controversial and require further investigation. Thus, not all studies on HD animal models have confirmed the deacetylation of histones in bulk chromatin assays (Hockly et al., 2002; Klevytska et al., 2010; McFarland et al., 2012) and the genomic topography of the possible acetylation deficits remains unknown. To address these questions, we chose the transgenic mouse strain N171-HD82Q (subsequently referred as HD82Q), which expresses a truncated version of mutant Htt (mHtt) bearing an 82-residue long polyQ tract and reproduces many features of HD, including progressive weight loss and tremors, motor impairment, cognitive deficits, and premature death (Schilling et al., 1999) .
We present here the first parallel genome-wide analysis of transcriptional and histone acetylation deficits in a polyQ disease model. The combination of ChIPseq and microarray technologies supported the hypothesis that transcriptional and epigenetic dysregulation, particularly aberrant acetylation of neuronal chromatin, are important early features of HD, and identified the sites of epigenetic and transcriptional dysregulation with nucleosome resolution. The comparison of these two differential screens demonstrated that most local histone acetylation deficits were not associated with transcriptional dysregulation except for a subset of genes that showed both reduced transcript levels and deficits in H3K9,14 acetylation at the transcription start site (TSS) . Genes in this group were consistently altered in different brain areas, mouse models, and in transcriptomic data derived from human patients, and therefore, represent suitable candidates as progression biomarkers or therapeutic targets for this devastating disease. (Schilling et al., 1999) was acquired from Jackson Laboratories (stock No. 003627) and maintained in a DBA and C57BL/6J mixed background (50:50) because the viability of the strain is compromised in a pure C57BL/6J background. In both the microarray-based and ChIPseq-based differential screenings, tissue from several animals was pooled together to minimize the potential genetic variability that could result from this mixed background. Sodium butyrate was administered as previously described (Valor et al., 2011) ; mice were intraperitoneally injected with vehicle (PBS) or sodium butyrate (1.2 mg/Kg) and killed 30 min later. Experimental protocols were consistent with European regulations and approved by the Institutional Animal Care and Use Committee.
Materials and Methods

Animals. The transgenic strain PrP-htt-N171-82Q
Behavioral testing. For all behavioral tasks, we compared HD82Q animals and wild-type littermates of the indicated age. RotaRod and Morris water maze tasks were performed as described previously (Valor et al., 2011) . Grip strength values are the average of six measures in the Grip Strength Meter (Ugo Basile).
MRI analysis. For magnetic resonance imaging (MRI), mice were anesthetized, perfused with 4% paraformaldehyde, and decapitated. The whole head was postfixed overnight and included in agarose before data acquisition as reported . Length and volume measurements were performed using ImageJ software.
Histological and Western-blot analyses. Nissl staining, immunohistochemistry, and Western-blot analyses were performed as previously described (Lopez de Armentia et al., 2007; Sanchis-Segura et al., 2009) . Cell counting and signal intensities quantification were performed using ImageJ software. The following antibodies were used: acetyl-histone antibodies specific for the panacetylated forms of H2A (K5, K9), H2B (K5, K12, K15, K20), H3 (K9, K14), and H4 (K5, K8, K12, K16) produced in our laboratory (Sanchis-Segura et al., 2009); ␣-Huntingtin, clone mEM48 (MAB5374), ␣-AcH3K9,14 (06-599), ␣-H2B (07-371), ␣-H3 (05-499), ␣-NeuN (MAB377) from Millipore; ␣-AcH4K12 (ab46983) from Abcam; ␣-GFAP (G9269), ␣-MAP2 (M4403), ␣-␤-actin (F5441), and biotinylated and HRP-conjugated secondary antibodies from Sigma-Aldrich Química S.A., and Alexa Fluor 594 secondary antibody (A-21209) from Invitrogen.
RNA extraction, RT-qPCR, and microarray analyses. Quantitative RT-PCR (RT-qPCR) assays were performed as previously described (Valor et al., 2011) . Each independent sample was assayed in duplicate and normalized using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels. All primer sequences are available upon request. For microarray experiments, RNA from 3 to 4 mice of the same age, sex, and genotype were pooled and cleaned up using the RNeasy Mini Kit (Qiagen). Three independent pooled samples per genotype and brain area were hybridized to Mouse Gene 1.0 ST expression arrays (Affymetrix). All the mice (mutant and controls) used in the 10-week analysis were males, whereas all the mice used in the 20-week analysis were females. We did not observe apparent sex differences in histopathology, premature death, and gene-specific RT-qPCR assays. Microarray data were background corrected, normalized, summarized, and statistically analyzed using R and Bioconductor (Gentleman et al., 2004) . Mouse Gene 1.0 ST arrays were read using oligo package, using RMA algorithm as normalization method. The limma package (Smyth, 2005) was used for extracting statistically significant changes between HD82Q and control samples (moderated t tests). Fold-change Ͼ1.25 and adjusted P Ͻ 0.05 were used as filters. These files can be downloaded from the Gene Expression Omnibus (GEO) database using the accession number GSE44855. Striatal profiles were obtained from the datasets GSE9803 and GSE9804 corresponding to 12-week-old R6/2 mice and processed in a similar manner than HD82Q arrays except for the use of the affy package to read the CEL files. Gene expression changes in caudate nucleus of postmortem brain from HD patients were obtained from Hodges et al. (2006) . The same reported P value threshold was used ( p Ͻ 0.001) but additionally we applied a fold-change (FC) filter (Ͼ1.25) to minimize the impact of very weak changes in our subsequent analyses.
ChIP assays and ChIPseq analysis. Chromatin immunoprecipitation (ChIP) was performed as described previously (Lopez-Atalaya et al., 2011). ChIP-qPCR validation of candidate genes and ChIPseq experiments were performed in independent cohorts of animals. For conventional ChIP assays, we used dissected tissue from two mice for the hippocampal samples and from a single animal for the cerebellar samples. qPCR on IP chromatin was performed as described for RT-qPCR using specific primers close to the TSS. All primer sequences are available upon request. Because initial two-way ANOVA analyses did not reveal significant age effects or age-genotype interaction, we pooled the data corresponding to 10-and 20-week-old animals. For the ChIPseq-based screen, we generated four deeply sequenced libraries after IP of hippocampal chromatin (pooled crude chromatin extracts from the hippocampi of 16 10-week-old male mice) using antibodies against AcH3K9,14 (06-599 from Millipore) and AcH4K12 (ab46983 from Abcam). Libraries were prepared using indexed adapters following standard Illumina library preparation kits and protocols. High-throughput sequencing was performed using a HiSeq-2000 apparatus (Illumina) with 50 TruSeq SBS v3 sequencing kit following the manufacturer's instructions. Indexed reads were demultiplexed into individual samples, filtered for low-quality reads and adaptor sequences. Fifty base-pair long single-read datasets were obtained for AcH3K9,14 (wt and HD82Q mice), AcH4K12 (wt and HD82Q mice), input (wt mice), and preimmune serum (wt mice and HD82Q mice). To achieve sufficient genome depth coverage to identify post-translational chromatin modifications, the depth of the sequencing run was between 8.4 and 14.5 ϫ 10 6 reads per sample (AcH3K9,14 WT : 13,867,710; AcH4K12 WT : 14, 187, 515; AcH3K9, 14 HD82Q : 9, 053, 780; AcH4K12 HD82Q : 9, 935, 242; input sample: 7, 904, 594; IgG condition: 9, 220, 090) . A saturation analysis indicated that the depth of sequencing was sufficient for reliable detection of histone acetylation peaks in our samples (data not shown). Reads were aligned to the NCBI-M37/mm9 reference genome using BWA (Li and Durbin, 2010) , and BAM files were parsed using the SAMTOOLS ) to extract uniquely mapped reads (AcH3K9,14 WT : 88%; AcH4K12 WT : 86%; AcH3K9,14 HD82Q : 89%; AcH4K12 HD82Q : 85%; input sample: 80%; IgG condition: 80%). SICER algorithm (Zang et al., 2009 ) was used to extract acetylation-enriched chromatin regions. To further increase the depth of coverage and to exclude false positive enrichedregions due to eventual local deficits of coverage in the control dataset, acetylation-enriched regions were identified using pooled input and IgG libraries as control library. SICER parameters for island identification were as follows: redundancy threshold ϭ 100, window size ϭ 200, gap size ϭ 2 (AcH3K9,K14) (3 for AcH4K12), fragment size ϭ 150, effective genome fraction ϭ 0.77, FDR (enriched islands) ϭ 10 Ϫ8 . For the differential screen, we set a threshold of FDR adjusted p Ͻ 10 Ϫ3 to identify the most reliably changed histone acetylation islands. The large islands at the Prnp promoter corresponding to the detection of the transgene were not considered in subsequent analyses. Overlap and annotation of significantly enriched islands was done with ChipPeakAnno (Zhu et al., 2010) . RefSeq gene annotations were obtained from the University of California at Santa Cruz (UCSC) Genome Bioinformatics website. Seqmonk and Integrative Genomics Viewer (IGV; Robinson et al., 2011) were used for data visualization and coverage snapshots at discrete loci. Wig files containing the coverage data (normalized read density per million bp; RPM) across the enriched regions for the two acetylated histones were obtained using IGV Tools. Read length was extended 200 bp. The files were then normalized to the size of the dataset using Wigreader. The high-throughput sequencing data generated in this study has been deposited at NCBI's GEO and can be consulted through the accession number GSE44855.
Meta-analysis of microarray and ChIPseq data. Log 2 fold-change values from hippocampal microarray and ChIPseq data were directly correlated. We also performed a Pearson correlation analysis using P values that did not reveal any significant association. In those cases in which more than one island were associated with the same gene, fold-changes were averaged with the assumption that all the islands similarly contribute to gene expression. As an alternative to average, the nearest island to the gene was tested without further improvement in the correlation coefficients. In the 2 -square tests the expression data corresponding to the whole array was first ranked according to the P values of TC IDs (MG 1.0 ST) or probesets (MG 430, HU133A, and B). The rank of the TC IDs/ probesets corresponding to Exp-AcH3 genes was determined and values were calculated related to a random distribution. For Gene Ontology (GO) terms enrichment, we used the functional annotation tools implemented in DAVID (Huang et al., 2009 ) using the whole mouse genome as background list. Only enrichments with a P-value Ͻ0.05 were considered. Significant GO terms retrieved from different gene expression datasets were compared using Venny software (Oliveros, 2007) ; redundant (highly related but nonexactly matched) terms were not considered in the analysis. The resulting GO terms were manually collapsed. To predict enrichment of transcription factor binding sites (TFBS), Pscan software was used to scan motifs from the Jaspar database in promoter regions (Ϫ950/ϩ50; Zambelli et al., 2009). As datasets we used the lists of differentially expressed and differentially acetylated genes at their TSS. For Spearman correlation, all the Jaspar motifs (130) were ranked according to their Z-score, independently of their significance, for each dataset. Only enrichments with P Ͻ 0.05 were considered significant.
Results
HD82Q mice show neuropathological traits in the absence of neurodegeneration
HD82Q mice exhibit slight brain atrophy but grossly normal anatomy (Fig. 1A,B) . Despite their premature death (Fig. 1C) , severe weight loss (Fig. 1D) , and motor dysfunction (Fig. 1E ), no apparent neurodegeneration or active gliosis were observed even in the late stages of the disease ( Fig. 1F-H ; Schilling et al., 1999; Klevytska et al., 2010) . We reasoned that the dissociation between neuronal malfunction and death could allow us to investigate transcriptional and epigenetic dysregulation without the confounding factor of changes in the cellular composition of the tissue. Detailed histological analysis of mHtt aggregates identified the cerebellum and the hippocampus as the two main brain areas of transgene expression ( Fig. 2A,B ). In agreement with this observation, processes that depend on proper functioning of these regions, such as motor performance in the rotarod task (Fig. 2C ), grip control ( Fig. 2D) , and spatial learning in the water maze ( Fig. 2E -G), were severely affected in HD82Q mice (Fig. 2, see legend for additional detail). Importantly, cerebellar and hippocampal functions are also altered in HD patients (Snowden et al., 2002; Seneca et al., 2004) . We focused our subsequent analyses on these two tissues.
Severe transcriptional dysregulation in mHtt-expressing tissues
To investigate genome-wide transcriptional dysregulation in HD82Q mice, we performed microarray analysis on hippocam- of a 20-week-old HD82Q mouse and a control littermate. Red line denotes the area considered for quantification. B, Volume quantification of these brain areas (three animals per genotype). Mutant mice had smaller brains. However, morphometric ratios were maintained between different brain regions and there was no apparent enlargement of lateral ventricles. Data are represented as mean Ϯ SEM *p Ͻ 0.05, Student's t test HD versus wt. C, HD82Q (HD) mice had a short life span. Premature death was occasionally observed at early symptomatic stages (n ϭ 9 for each genotype). D, HD82Q mice did not gain weight in the same progression that control littermates. This phenotype was especially severe in males. E, Percentage of 10-and 20-week-old mice showing feet clasping during 1 min tail suspension test. F, Double immunostaining of brain sections of 12-week-old HD82Q mice and control littermates with a marker for neurons (NeuN) and glial cells (GFAP) showed no significant difference in the number of either cell type, indicating that there is neither neuronal cell loss nor gliosis. Scale bar, 10 m. G, Cerebellar morphology in 12-week-old HD82Q mice and control littermates were undistinguishable; the quantification of layers thickness did not reveal any significant change (data not shown). Left, Nissl staining. Right, Immunostaining of cerebellar sections with the cerebellar markers DARPP32 and calbindin. Scale bars: Nissl, 200 m; DARPP2 and calbindin, 500 m. H, Hippocampal morphology in 12-week-old HD82Q mice and control littermates were undistinguishable; the quantification of layers thickness did not reveal any significant change (data not shown). Left, Nissl staining. Right, Immunostaining with the neuronal marker MAP2. Scale bars: Nissl, 100 m; DARPP2 and MAP2, 25 m.
pal RNA using Affymetrix Mouse Gene 1.0 ST arrays at two different stages of disease: early symptomatic (10 weeks old) and terminal (20 weeks old; Fig. 3A ). Differential gene profiling analysis identified 436 transcript cluster IDs (TC IDs), corresponding to 405 annotated genes, that showed a significant genotype effect (FC Ͼ 1.25, adjusted p Ͻ 0.05). The profiles of transcriptional dysregulation in HD82Q mice were very similar at the two investigated time points, as shown both in the hierarchical clustering ( Fig. 3B ) and correlation plot (Fig. 3C) analyses. Pairwise contrast tests retrieved the lists of TC IDs significantly altered at specific time points and confirmed the early onset of most transcriptional deficits and their moderate progression with age ( Fig.  3C,D) . No TC IDs showed a significant interaction between genotype and age. The progression of the pathology in terms of gene profiling was reflected in a modest increase in the severity of the changes (FC Down TCIDs : 0.71 Ϯ 0.01 in 10-week-old mice vs 0.67 Ϯ 0.01 in 20-week-old mice, p ϭ 0.005; FC Up TCIDs : 1.27 Ϯ 0.02 vs 1.52 Ϯ 0.02, p ϭ 6.5 ϫ 10 Ϫ13 ) and a larger number of affected TC IDs (two-and eightfold increase for down-and upregulations, respectively). These results indicate that mHtt expression is initially strongly associated with impaired gene expression (up/ down ratio ϭ 0.09) and later leads to numerous gene upregulations (up/down ratio ϭ 0.43), which might reflect the emergence of a homeostatic or defense response to polyQ pathology.
To extend our transcriptomic analysis to a different tissue, we also performed microarray analysis with RNA from cerebellar tissue of the same 10-week-old animals. As shown in Figure 2 B, this tissue presented the highest density of mHtt aggregates in the brain of HD82Q mice. The comparison between control and HD82Q samples detected 1624 TC IDs corresponding to 1413 annotated genes (FC Ͼ 1.25, adjusted p Ͻ 0.05). These results indicate that the extension of transcriptional dysregulation correlates with the abundance of mHtt aggregates and suggest that the cerebellum may be more sensitive to polyQ pathology than the hippocampus (Fig. 3E) . Only 111 genes were consistently affected in both tissues, indicating that a majority of mHtt transcriptional targets are tissue specific. Among the affected transcripts in both tissues, we found relevant genes known to be altered in HD (Seredenina and Luthi-Carter, 2012) like the ones encoding the neuropeptide enkephalin (Penk), subunits of glutamate (Grm2) and GABA receptors (Gabrd), and the GTPbinding protein Rasd2 (also known as Rhes). Among the upregulated transcripts we found Nfya, which encodes for a subunit of the transcription factor NF-Y that is sequestered in mHtt aggregates (Yamanaka et al., 2008) . As a positive control for our screen, the analysis of individual probesets confirmed the overexpression of Htt exon 1, which is part of the transgene construct, in all HD82Q samples (Fig. 3F ) .
We next examined the expression of a number of candidate genes, both common and region-specific, at different stages of the pathology, from presymptomatic to terminal mice through RTqPCR assays using independent samples (Fig. 3G ). Our assays Figure 2 . Impaired cerebellar and hippocampal function in HD82Q mice. A, Transgene expression in HD82Q mice. Strong mHtt immunoreactivity was detected in hippocampus and cerebellum of HD82Q mice. Aggregates were also detected in lower amount in the cortex and striatum of HD82Q mice, but were absent in sections from wt littermates. Representative images corresponding to the CA1, CA3, and dentate gyrus (DG) subfields in the hippocampus, striatum (Str), and cerebellum (Cb) of 16-week-old HD82Q mice are shown. Insets in HD82Q show higher-magnification images of mHtt aggregates labeled with white arrowheads. Scale bar, 100 m. B, Quantification of mHtt immunoreactivity in brain sections of 8-and 16-week-old HD82Q mice. The strongest expressions were detected in the hippocampus and cerebellum, followed by the cortex and striatum (n ϭ 3 per genotype). Hp, Hippocampus; Cb, cerebellum; Str, striatum; Up, cortical upper layers; Low, cortical lower layers; GrL, granular layer; MoL, molecular layer. Note that the presence of mHtt aggregates in the cerebellum was 100-fold higher than that in the striatum or cortex. This result is in agreement with images presented in the original publication describing this strain (Schilling et al., 1999) . C, Mutant mice slipped from the rod earlier than control littermates in an accelerated speed rotarod task (n ϭ 10 for wt, n ϭ 11 for HD82Q). The weak mHtt staining observed in striatal tissue suggests that the motor deficits in HD82Q mice may be largely cerebellum-dependent. D, 10-and 20-week-old HD82Q mice showed a significant reduction of grip strength. E-G, 3-month-old HD82Q mice were severely impaired in the Morris water maze task (n ϭ 11 for wt, n ϭ 8 for HD82Q). Mutant mice showed reduced swimming speed (E) and longer path lengths to reach the platform in the hidden version of the task (F: H1-H8), but normal learning in the visible platform task (F: V1-V3). Mutant mice also performed worse than wild-type littermates in the probe trials in day 5 (G: P1) and 9 (G: P2). These results suggest the existence of spatial learning defects in addition to the motor impairment, although these two defects are difficult to dissociate. Data are presented as mean Ϯ SEM *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001 (Student's t test) for differences between genotypes. #, p Ͻ 0.05 (Student's t test) for comparison with random performance.
included activity-induced transcription factors (Nr4a1, Npas4 ) and BDNF isoforms. Our assays confirmed the downregulation of plasticity-related immediate early genes (IEG) in HD82Q mice and revealed that the two main activity-regulated promoters of Bdnf, P-I, and P-IV, were both affected by HD pathology. In agreement with array data, the transcriptional deficits were, in general, more severe in cerebellar tissue. Overall, these experiments validated the microarray screen, confirmed the modest progression of transcriptional defects (only Gabrd, Npas4, and Nfya showed a significant progression with age), and demonstrated that transcriptional deficits in HD82Q mice precede the onset of chorea and weight loss, which suggests a possible role for these alterations in the etiology of these symptoms.
Hundreds of genomic loci are deacetylated in hippocampal chromatin of HD82Q mice To examine the relationship between transcriptional and epigenetic dysregulation associated with mHtt expression, we first assessed the level of acetylation of the four nucleosome histones by Western blotting and immunohistochemistry. In agreement with previous studies (Hockly et al., 2002; Klevytska et al., 2010; McFarland et al., 2012) , but in contrast to others (Gardian et al., 2005; Stack et al., 2007; Giralt et al., 2012) , neither one of these techniques revealed significant deficits in bulk chromatin of mHtt expressing tissues (Fig. 4) .
We next used ChIPseq technology to tackle the identification of histone acetylation deficits with a resolution and genomic coverage RT-qPCR analysis of the temporal course of transcriptional dysregulation of selected genes retrieved in our differential screen. We confirmed the transcript level changes in both hippocampus (blue) and cerebellum (red) of HD82Q mice. The discontinous line at Fold change 1 indicates the expression in wild-type littermates. In all panels, RNA samples were collected from 6-, 10-, and 20-week-old mice. Data are represented as the mean Ϯ SEM. Student's t test ( p Ͻ 0.05; p Ͻ 0.005): *, ** for pairwise comparisons. Two-way ANOVA ( p Ͻ 0.05; p Ͻ 0.005): ϩ, ϩϩ for genotype effect; #, ## for age effect; § for genotype x age interaction.
that is unattainable through Western blot, locus-specific ChIP assays and ChIP-on-chip techniques. Given the relevance of the hippocampus in cognitive processes affected by HD, we performed the ChIPseq screen in hippocampal chromatin of early symptomatic mice so that we could explore the predictive value of early deacetylation in late transcriptional dysregulation. We focused on two relevant histone acetylation marks associated with active transcription: AcH3K9,14, which is regulated during memory processes (Levenson et al., 2004 ) and has been found reduced in some models of HD (Stack et al., 2007); and AcH4K12, which has been linked to age- . Bulk chromatin acetylation is not reduced in the brain of HD82Q mice. A, Representative Western blots analysis of hippocampal extracts from terminal HD82Q (HD, 20-week-old) and wt littermate mice against different pan-acetylated histones. As a positive control, we also show histone acetylation levels in murine cortex after treatment with vehicle (V, PBS) or sodium butyrate (SB). B, Quantification of the Western blots. Hippocampus, striatum and cortex: n ϭ 6 (wt), n ϭ 8 (HD); cerebellum: n ϭ 7 (wt), n ϭ 6 (HD). C, Representative immunohistochemistry images of different brain areas from 18-week-old HD82Q (HD) and wt mice using an antibody against AcH3K9,14. Mice treated with SB were used as a positive control for the detection of significant changes in histone acetylation. This HDACi caused similar hyperacetylation of histones in HD82Q and wild-type littermates. Similar results were obtained for acetylated forms of the four nucleosome histones. Scale bar, 100 m. D, Quantification of immunohistochemistry assays in 10-(10w) and 18-week-old (18w) mice; n ϭ 4 for both genotypes and times. E, Quantification of immunohistochemistry assays in an independent set of HD82Q and wt littermate mice treated with vehicle or SB; n ϭ 2 per group; two-way ANOVA analysis did not reveal any genotype effect or genotype x treatment interaction, but a significant HDACi treatment effect for different histones and brain areas. Data are represented as mean Ϯ SEM *p Ͻ 0.05; **p Ͻ 0.005 (two-way ANOVA, treatment effect). related memory impairment (Peleg et al., 2010) . The SICER algorithm, which is particularly suitable for identifying local enrichments for histone post-translational modifications (Zang et al., 2009) , was used to identify acetylation-enriched chromatin regions. We found that both acetylation marks tended to accumulate in the proximity of the TSS (Fig. 5A ) defining thousands of enrichment islands, most of which were located at promoters and intragenic sequences. The physical overlap between the two labels was high and revealed their convergence at active loci (Fig. 5B) . Notably, there was a dramatic reduction in the number of islands detected in HD82Q chromatin compared with control samples (criterion FDR p Ͻ 10 Ϫ8 ; 27.7% reduction for AcH3K9,14 and 71.7% reduction for AcH4K12).
SICER also allows the direct comparison of acetylation profiles between genotypes. The comparison revealed a general reduction of hippocampal chromatin acetylation in HD82Q mice that was especially severe for the AcH4K12 mark (Fig. 5C ). To retrieve the most prominent changes, we set an arbitrary threshold (FDR p Ͻ 10 Ϫ3 ) that identified 1560 AcH3K9,14 islands and 2156 AcH4K12 islands altered by mHtt expression (Fig. 5D) . Notably, the top ranked islands for both histone marks mapped onto the promoter of the prion protein gene (result not shown). Because this sequence is part of the HD82Q transgene and thereby it is in high copy number in the chromatin of mutant mice, their prominent position in the lists of differential islands represented a first validation of our differential screen. The great majority of the acetylation changes that passed our filtering criteria corresponded to hypoacetylation in HD82Q chromatin (87.7 and 96.9% of the islands for AcH3K9,14 and AcH4K12, respectively). As a whole, these differentially acetylated islands accounted for a small proportion (Ͻ0.5%) of the murine genome Figure 5 . Genomic topography of histone acetylation deficits in HD82Q mice. A, Genomic distribution of AcH3K9,14 and AcH4K12 represented as frequencies of reads referred to the nearest TSS (frequency graphs) and percentages of islands located in different gene features (sector graphs): green, overlapping with TSS (including islands comprising the whole gene); red intragenic islands (inside exons or introns) and islands overlapping with the 3Ј-end; blue, intergenic islands (upstream and downstream of genes). B, Venn diagram showing the physical overlap between AcH3K9,14 and AcH4K12 islands. The percentages indicate the proportion of genes associated with these islands that were highly expressed in the hippocampus (top 25%, between the maximum and Q 3 values). The sector graphs show the distribution of these islands according to gene feature. The coloring is the same as in A. C, Volcano plots demonstrate the hypoacetylation of many enrichment islands in HD82Q samples for both marks. Note the asymmetric distribution of dots toward the left half of the graphs, which corresponds to negative log 2 fold-change values. The outlier dots corresponding to the promoter region of Prnp (which is present in high copy number as part of the transgene) fall beyond the scale of the plot. D, Percentage of hypoacetylated islands according to their associated FDR p value in the genotype comparison. Yellow lines label the significance threshold (FDR p Ͻ 10 Ϫ3 ) used in all subsequent analyses. E, Percentage of effective genome size (i.e., excluding centromeric regions) occupied by the indicated acetylation marks. F, G, Normalized read count in control animals (left), magnitude (fold-change in absolute log 2 value) and significance (Ϫlog 10 FDR P value) of differentially acetylated H3K9,14 (F ) and H4K12 (G) islands in HD82Q chromatin distributed according to their location referred to the nearest gene. Note that one island may fall in more than one category. H, I, Only a small percentage of genes showed significant changes at the TSS for the AcH3K9,14 (H ) and AcH4K12 (I ) marks according to our filtering criteria.
( Fig. 5E) , which is consistent with the absence of significant changes in the acetylation of bulk chromatin reported above.
Most of these differentially acetylated islands mapped onto inter-and intragenic regions. Moreover, although the islands that overlapped with a TSS were in general larger than those located in inter-and intragenic regions, mHtt-induced deacetylation at TSSs was less prominent and had lower statistical significance, particularly in the case of AcH3K9,14 (Fig. 5 F, G) . Overall, the changes at the TSS affected 2.6% of AcH3K9,14 islands (Fig. 5H ) and 13.6% of AcH4K12 islands (Fig. 5I ).
Transcriptional and histone acetylation defects show low global correlation
To investigate the correlation between ChIPseq and microarrays data, we discriminated between islands located in the TSS or in intra-and intergenic regions because we reasoned that islands at these different locations could distinctly contribute to transcription. The most prominent H3K9,14 and H4K12 acetylation changes detected in our ChIPseq screen showed no correlation with expression changes of the nearest gene (Pearson correlation indexes: r TSS ϭ 0.17; r Intragenic ϭ 0.03; r Intergenic ϭ 0.04). In contrast, when we compared the genes significantly altered at the transcript level (genotype main effect, adjusted p Ͻ 0.05) with nonfiltered fold-change values for the nearest H3K9,14 and H4K12 acetylation islands, a moderate correlation was observed in the case of AcH3K9,14 islands located at the TSS (r ϭ 0.47; Fig.  6A ). Consistently with these results, we observed a slight reduction or increase of acetylation levels at the TSS in HD82Q samples, respectively for down-or upregulated genes (Fig. 6 B, C) .
Genes showing both transcriptional and deacetylation defects are part of a consistent HD gene signature Only 42 genes exhibited both a significantly reduction of transcript levels and H3K9,14 deacetylation at the TSS according to our filtering criteria (Fig. 7A) . This gene set, thereafter referred as Exp-AcH3, showed a good correlation between the changes in gene expression and acetylation ( Fig. 7B; r ϭ 0.69) . Independent RT-qPCR and ChIP-qPCR assays confirmed this association. In particular, we examined the loci encoding enkephalin, the modulator of Ras signaling Rin1 and the regulator of dendritic growth Itpka (Fig. 7C) . Additional ChIP-qPCR assays were performed at the TSS region of two candidate genes, the regulator of neuritic growth Plk5 (de Cárcer et al., 2011) and the epilepsy-related gene Gabrd (Dibbens et al., 2004) , that were affected in both cerebellum and hippocampus (Fig. 7D) . The assays demonstrated that the deacetylation of H3K9,14 detected in our ChIPseq experiment in the hippocampus also occurs in cerebellar chromatin. However, as reported above, the changes in gene expression and promoter acetylation did not always run in parallel. Thus, the promoter region of the gene encoding the activity-regulated cytoskeleton-associated (Arc) protein, which is downregulated in HD82Q samples, did not show any apparent change at the acetylation level (Fig. 7E) .
We also investigated whether the genes exhibiting altered transcript levels specifically in the cerebellum were associated with H3K9,14 deacetylation of the promoter. We assessed the promoters of the cerebellar ataxia-associated gene Igfbp5 (Gatchel et al., 2008) , the transcription factor Eomes (also known as Tbr2), the IEG Fos, and the substrate of protein kinase C Marcks (Fig. 7F ) . Like in the hippocampus, these gene specific assays confirmed the association of histone deacetylation events at TSS with relevant transcriptional deficits in HD tissue, but also indicated that additional epigenetic marks or mechanisms are required for explaining the full range of transcriptional alterations in polyQ disease as exemplified by Marcks.
To further investigate the relevance of the group of genes that exhibited concurrent changes in histone acetylation and gene expression in the hippocampus, we performed a GO enrichment analysis for this gene set and found a significant enrichment for ion binding proteins, particularly Ca 2ϩ -binding proteins, and components of the synapse (Fig. 7G) , which is consistent with the important synaptic dysfunction reported for these mice . We also asked whether the same genes were altered in other tissues and HD models. To address this question, we examined the datasets corresponding to cerebellar gene expression in HD82Q mice, to striatal gene expression in R6/2 mice (a mouse model of early onset HD that exhibits striatal degeneration; Kuhn et al., 2007) and to postmortem caudate nucleus from HD patients (Hodges et al., 2006) . GO and Figure 6 . Correlation between gene expression and histone acetylation deficits. A, Correlation between fold changes in gene expression and histone acetylation profiles among differentially expressed genes (r, Pearson coefficient). The correlation for the AcH3 mark (left) was better considering those genes with TSS islands (green circles) compared with those located on intragenic (red diamonds) or intergenic (blue triangles) regions. No correlation was observed for the AcH4K12 mark in any subgroup of genes (right). B, C, Mean enrichment profiles presenting the genomic distribution of reads for AcH3K9,14 and AcH4K12 across the TSSs (left) and gene length (right) for genes down-(B) or upregulated (C) in HD82Q mice according to our array screen.
KEGG pathways enrichment analyses also revealed a large overlap between these the four datasets. More than 50% of the biological processes affected in the hippocampus were also enriched in the other datasets, including terms related to behavior (learning, memory, fear response), synaptic transmission, signaling pathways (phosphorylation, cAMP, small GTPase), and ion transport (mainly K ϩ ). The KEGG pathways calcium signaling, gap junction, MAPK signaling, and neuroactive ligand-receptor interaction were affected in all the examined datasets. In the three cases, we observed a highly significant enrichment for Exp-AcH3 probesets among the top ranked changes (Fig. 7H) .
Interestingly, we also observed a good correlation between the enrichment for TFBS in the promoter of deacetylated genes and that in downregulated genes for the different HD models (Fig. 8A) . Furthermore, downregulated genes showed high correlation indexes between all the gene profiles whereas upregulated genes were poorly Ϫ3 (FDR p value in SICER analysis). D, ChIP-qPCR assays using AcH3K9,14 antibody were performed with cerebellar (Cb, n ϭ 3 for both genotypes) and hippocampal (Hp, n ϭ 5 for wt and n ϭ 6 for HD82Q) chromatin on the promoter of genes that were differently expressed in both brain areas. Comparisons refer to wt control: *p Ͻ 0.05; **p Ͻ 0.005 (Student's t test). E, Dissociation of transcript downregulation and promoter deacetylation for the gene Arc. Samples and legends are the same than for C. F, ChIP-qPCR assays using AcH3K9,14 antibody were performed with cerebellar (Cb, n ϭ 3 for both genotypes) chromatin on the promoter of genes showing cerebellum-specific transcript changes. Data are represented as the mean Ϯ SEM *p Ͻ 0.05 and **p Ͻ 0.005 (Student's t test) . G, Venn diagram shows the number and overlap of significantly enriched GO terms (in the categories of "Biological process", "Molecular function", and "Cellular component") in the subsets of genes retrieved in A: genes that only exhibit changes in expression (Only Exp), only changes in H3K9,14 acetylation at the TSS (Only AcH3) or significant changes in both expression and TSS acetylation (Exp-AcH3, gray). A more detailed summary of the GO terms for the Exp-AcH3 subset is also depicted; blue, downregulated; red, upregulated. H, Distribution of the TC IDs/probesets corresponding to Exp-AcH3 genes in the differential expression profiles obtained in the cerebellum of HD82Q mice ( 2 ϭ 124, df ϭ 22, p Ͻ 10 Ϫ5 ), the striatum of R6/2 mice ( 2 ϭ 176, df ϭ 23, p Ͻ 10 Ϫ5 ), and the caudate nucleus of HD patients ( 2 ϭ 67, df ϭ 22, p Ͻ 10 Ϫ5 ). 2 values are referred to a random distribution.
correlated. Together, these results suggest that common transcriptional mechanisms might be involved in the aberrant gene downregulation and deacetylation, whereas homeostatic responses (which are likely to contribute more prominently to gene upregulations) might depend on tissue-specific mechanisms. Among the most significant and consistent motifs detected in this meta-analysis were the binding sites of NRSF/REST and NF-B that have both been previously involved in HD (Buckley et al., 2010; Marcora and Kennedy, 2010; Ravache et al., 2010; Datta and Bhattacharyya, 2011) (Fig. 8B ). This analysis (limited to the motifs represented in the Jaspar database) did not identify DNA motifs unique to the ExpAcH3 subset and that could thereby establish a specific link histone acetylation and gene expression deficits.
Discussion
Genomic landscape of transcriptional and epigenetic dysregulation in polyQ disease
Distinctive clinical features and brain imaging studies suggest that hippocampal and cerebellar malfunction may be especially relevant in early onset HD, an aggressive form of the disease associated with very long CAG repeats (Rodda, 1981; Rosas et al., 2003; Seneca et al., 2004; Paradiso et al., 2008; Ruocco et al., 2008) . Moreover, other polyQ pathologies, such as different types of spinocerebellar ataxias, have the cerebellum as the main target Seidel et al., 2012) . The regional pattern of transgene expression and the severity and fast progression of neuropathological traits in HD82Q mice made this strain especially suitable for investigating early onset polyQ pathology in these structures. Our experiments demonstrate that the acetylation deficits observed in HD82Q mice are not global but are restricted to specific loci and associated with specific TFBS and genomic features. Although the two acetylation marks explored here have been linked to active loci, their profiles revealed remarkable differences. The enrichment profile of AcH3K9,14 showed sharp peaks that overlapped with the TSS, whereas AcH4K12 enrichment was characterized by wider and blunter islands that frequently occupied intra-and intergenic regions. The impact of HD pathology on the two profiles was also different. Although deacetylation of AcH4K12 islands in HD82Q chromatin was more severe than that of AcH3K9,14 islands, these changes were not associated with significant transcriptional deficits. As a result, we observed a much better correlation between reduced transcript levels and deacetylation at the TSS for AcH3K9,14 than for AcH4K12. Importantly, deregulated H4K12 acetylation has been also observed in the aging mouse hippocampus and linked to age-related memory impairment (Peleg et al., 2010) . Our data therefore support the notion that neuronal H4K12 deacetylation may represent a biomarker for epigenetic dysregulation associated with hippocampal malfunction or degeneration, although the specific role of this mark in gene expression remains unknown.
Are histone acetylation and transcriptional dysregulation two independent manifestations of polyQ pathology? Our appreciation of the complexity of epigenetic regulation of gene expression has dramatically increased with the development of new genomic techniques based on next generation sequencing (Dawson and Kouzarides, 2012) . The novel insight that emerged from these studies has challenged many assumptions regarding the role of histone modifications in gene expression (Strahl and Allis, 2000; Schübeler et al., 2004; Wang et al., 2008) and basic questions, such as whether the transcriptional rate of a locus is determined by its histone acetylation level or vice versa, are now under debate (Henikoff and Shilatifard, 2011; Bedford and Brindle, 2012) . One of the most striking conclusions of our comprehensive analysis is that histone deacetylation and transcriptional defects were, in general, not linked. This result is in good agreement with studies in yeast, flies, and mouse fibroblasts showing that the post-translational modification of histones may not be as essential for gene expression as anticipated. Thus, whole-genome analyses of gene expression changes in histone mutants have typically revealed modest phenotypes and relatively little phenotypic complexity resulting from the combination of histone mutations (Lenstra et al., 2011; Rando, 2012) .
In agreement with a recent report based on a chip-on-chip screen (McFarland et al., 2012) , our correlative analyses demonstrated an important mismatch between gene dysregulation and histone deacetylation in polyQ disorders, which indicates that the relationship between these two phenomena is more complex than anticipated (Saha and Pahan, 2006; Stack et al., 2007) . With the exception of some H3K9,14 acetylation deficits located at TSS of genes that were part of a consistent signature found in different HD datasets, most of the differences in histone acetylation de- Figure 8 . Functional genomics identifies transcriptional activities affected by mHtt. A, Spearman correlation coefficients for TFBS enrichment in each dataset pair are presented as a heatmap. We compared the gene lists corresponding to significantly altered transcripts in HD82Q hippocampus (Hp) and cerebellum (Cb), R6/2 striatum (Str R6/2), caudate nucleus of HD patients (human) and hypo-and hyperacetylated TSS retrieved in our ChIPseq screen in HD82Q hippocampus. A good correlation was observed between the enrichment for TFBSs in the promoter of deacetylated genes (HYPO) and that in downregulated genes (DOWN) for the different HD models. In contrast, the enrichment in hyperacetylated genes (HYPER, only shown for AcH3K9,14 given the rarity of H4K12 hyperacetylation events) did not correlate with that in upregulated genes (UP). B, Heatmap presenting the significance of TFBS enrichment for motifs that were consistently retrieved in the analysis of downregulated genes in the different expression profiles described above. The significance of the enrichment for the same TFBSs in the three gene sets defined in Figure 7A is also shown. The color palette indicates the P value range; white: nonsignificant (P Ͼ 0.05).
tected in our differential screen mapped onto inter-and intragenic regions. Moreover, deacetylation events in inter-and intragenic regions were in average more prominent than those in TSSs. These acetylation defects did not have an apparent direct impact on the expression of the nearest gene. However, we still do not know the meaning of deacetylation events outside of the well studied protein-coding regions (Bernstein et al., 2012) . For instance, a correlation between histone deacetylation at intergenic regions and noncoding RNA transcription (which are underrepresented in current microarrays) might still exist. These defects could also have trans and long-distance effects in other loci (Sanyal et al., 2012) or interfere with the transcriptional response of the cell to future challenges or insults. In fact, genes that are activated in response to stimuli, such as Bdnf (isoforms I and IV), the IEGs Arc, Nr4a1, and Npas4 and others activity-regulated genes, were especially affected at the transcriptional level.
On the other hand, although we may have underestimated the number of genes that show a positive correlation between histone deacetylation and transcript downregulation due to the stringent filters used in our screen, the majority of the genes with reduced transcript levels in HD82Q samples did not exhibit significant changes in the two investigated acetylation marks. Therefore, other mechanisms, such as other post-translational modifications of histone , aberrant DNA methylation (Ng et al., 2013) , and altered TF activities (Yamanaka et al., 2008; Buckley et al., 2010; Marcora and Kennedy, 2010; Ravache et al., 2010; Datta and Bhattacharyya, 2011) , should also contribute to transcriptional dysregulation in HD. Because the compromised lysine acetyltransferase activity observed in the brain of HD82Q mice may also affect nonhistone substrates (Dompierre et al., 2007) , including TFs like NF-B whose activity is regulated by acetylation (Zhang et al., 2010) , the histone deacetylation-independent transcriptional dysregulation may still be deacetylation-dependent. Consistently with this view, NF-B binding sites were enriched in the promoters of both downregulated and deacetylated genes.
In conclusion, the combination of ChIPseq and microarray technologies supported the hypothesis that transcriptional and epigenetic dysregulation, particularly aberrant acetylation of neuronal chromatin, are early features of polyQ pathology. However, our results suggest that these are two largely independent manifestations of the pathology. Our screen also identified a relatively small subset of candidate genes that show potential as progression biomarkers or therapeutic targets for this fatal neurodegenerative disease. These results lead to new questions, such as how the expression of mHtt drives deacetylation to specific genomic regions and what causes the transcriptional deficits that were not associated with histone deacetylation. Regardless of the answers to those important questions, high-resolution description of the genomic topography of epigenetic and transcriptional alterations appears to be an essential requirement for a better understanding of the etiology of polyQ diseases and for the development of effective therapies aimed at correcting the deficits.
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